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Insights & Perspectives
Making sense of the sensory regulation
of hunger neurons
Yiming Chen and Zachary A. Knight*
AgRP and POMC neurons are two key cell types that regulate feeding in
response to hormones and nutrients. Recently, it was discovered that these
neurons are also rapidly modulated by the mere sight and smell of food. This
rapid sensory regulation ‘‘resets’’ the activity of AgRP and POMC neurons
before a single bite of food has been consumed. This surprising and
counterintuitive discovery challenges longstanding assumptions about the
function and regulation of these cells. Here we review these recent findings and
discuss their implications for our understanding of feeding behavior. We
propose several alternative hypotheses for how these new observations might
be integrated into a revised model of the feeding circuit, and also highlight some
of the key questions that remain to be answered.
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Introduction
The body weight of most animals is
remarkably stable over time, suggesting
that a homeostatic system balances food
intake and energy expenditure over the
long-term [1]. Two neural cell types in the
hypothalamus, termed Agouti-related
protein (AgRP) and Proopiomelanocortin
(POMC) neurons, are thought to be
critical components of this homeostatic
system (Fig. 1A). AgRP neurons are
activated by energy deficit [2] and their
activity promotes food seeking and
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consumption [3–6]. POMC neurons, in
contrast, are activated by energy surfeit,
and their activity promotes fasting and
weight loss [3, 7]. These two cell types are
often described as the “gas pedal” and
the “brake” for the neural control of
feeding. Together, they have been studied in far greater depth than any other
neurons in the brain that have a specialized role in energy balance.
AgRP and POMC neurons are regulated by circulating signals of nutritional state, which modulate these cells
in opposite directions consistent with
their function. For example, the hormone leptin, which signals energy
availability, activates POMC neurons
and inhibits AgRP neurons [8, 9]. The
hormone ghrelin, which signals energy
scarcity, has the opposite effect [10, 11]
(Fig. 1B). Based on these observations,
an intuitive and widely accepted model
has emerged for how these two cell
types control feeding. According to this
model, food deprivation decreases the
level of hormones that inhibit feeding,

such as leptin, and increases the level of
hormones that promote feeding, such as
ghrelin. This hormonal switch activates
AgRP neurons and inhibits POMC neurons, creating a “hunger drive” that
motivates animals to find and consume
food, and that persists until food intake
replenishes the body of nutrients. In this
way, a simple negative feedback loop is
thought to explain the remarkable
coordination of feeding behavior with
physiologic need.
While this homeostatic model is
widely accepted, one key piece of data
has been missing: information about
the activity dynamics of these neurons
in vivo. In the past year, this gap has
been closed, as three groups have
reported measurements of AgRP and
POMC neuron dynamics in awake,
behaving mice [12–14]. Contrary to
expectations,
these
experiments
revealed that AgRP and POMC neurons
are rapidly modulated by the mere sight
and smell of food, in a way that “resets”
their activity before any food is consumed. This paradoxical discovery has
prompted reassessment of the regulation and function of these long-studied
cells [12–15]. In this essay, we summarize these recent findings and discuss
their implications for our understanding
of the neural regulation of feeding.

The sensory detection of
food rapidly resets AgRP
and POMC neurons
AgRP and POMC neurons were first
implicated in the control of feeding
almost 20 years ago [2, 16–20], yet their
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in vivo dynamics were only described in
the past year [12–14]. This long delay
was due to technical challenges associated with recording neural activity from

the arcuate nucleus (ARC) of the
hypothalamus, which is located at the
base of the forebrain and contains a
diversity of intermingled neural cell

Figure 2. Techniques for cell-type-specific recording of deep brain neural activity. (Left)
Microendoscopic calcium imaging utilizes a head-mounted, miniaturized microscope to record
fluorescence signals from a genetically encoded calcium indicator targeted to a specific cell
type. This method can be used to probe deep brain structures by coupling the microscope to a
gradient refractive index (GRIN) lens of appropriate length. (Middle) Optrode recordings utilize an
electrode array paired with an optical fiber to perform extracellular recordings. The optical fiber
enables cells expressing channelrhodopsin to be identified by their short latency responses to
light stimulation. (Right) Fiber photometry uses a single optical fiber to both excite and record
fluorescence from a population of neurons expressing a calcium reporter. The publications that
used each of these approaches to investigate AgRP/POMC neurons are listed below.
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Figure 1. AgRP and POMC neurons regulate feeding in response to nutritional signals.
A: AgRP and POMC neurons are intermingled in the arcuate nucleus of the hypothalamus.
B: The anorexigenic hormone leptin and the orexigenic hormone ghrelin regulate AgRP/
POMC neurons in opposite directions.

types. To overcome these obstacles, it
was necessary to develop new methods
that enable optical [21, 22] or
electrophysiological [23] recordings
from genetically defined cell types at
deep brain sites and in freely behaving
animals. Three such methods have now
been developed and applied to investigate the dynamics of AgRP and POMC
neurons (Fig. 2).
The first study used an approach
called fiber photometry, which utilizes
an optical fiber to record fluorescence
signals from a genetically encoded
calcium reporter (e.g. GCaMP6s) targeted to a specific cell type [22]. This
approach measures population-level
calcium dynamics but does not resolve
single cells (Fig. 2). In the key experiment in this study, mice were fasted
overnight and then presented with a
piece of food, and during this time the
calcium dynamics of AgRP and POMC
neurons were optically recorded [12].
Contrary to the predictions of homeostatic models, it was found that food
presentation alone rapidly inhibited
AgRP neurons and activated POMC
neurons. This response began the
moment that food was presented and
was complete within seconds, often
before a single bite of food could be
consumed. Thus sensory cues associated with food, rather than the
post-ingestive effects of feeding, are
primarily responsible for resetting the
activity of these cells [12]. This finding
was counterintuitive in part because it
revealed that AgRP neurons, which
promote food intake, are actually less
active when a mouse is eating, and
conversely that POMC neurons, which
inhibit food intake, are more active
during feeding. This paradoxical activity pattern creates a puzzle for explaining how these neurons are able to
perform their presumed functions.
Further characterization of the
rapid sensory modulation of these
neurons revealed five important properties [12]. (i) The response depends on
nutritional state, since neurons from
fasted mice respond more strongly to
food cues than neurons from fed mice.
(ii) It depends on food palatability,
since energy dense foods such as
peanut butter induce a stronger
response than energy poor foods such
as chow. (iii) It depends on food
accessibility, since food that is hidden
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or inaccessible induces a weaker and
less durable response. (iv) It is contingent on eventual food consumption,
since removal of food before it can be
consumed causes reversion of neural
activity back to its prior state. (vi) It is
integrative, because these factors
interact with each other to determine
the magnitude of the response. As an
example of this last property, presentation of a palatable food such as
peanut butter was shown to modulate
these neurons even in fed mice, which
were otherwise insensitive to presentation of chow [12]. Taken together, these
findings reveal that AgRP and POMC
neurons are regulated in a way that
anticipates the nutritional or incentive
value of a forthcoming meal [12, 15].
This anticipatory regulation resembles
an expected value calculation, in which
the brain weighs factors such as the
need for food, the energy density or
palatability of the food, and the likelihood that it is obtainable [12].
These findings were extended by a
second study that used fluorescence
microendoscopy to analyze calcium
dynamics of AgRP neurons in freely
behaving mice [13]. An important
advantage of this approach is that it
provides single cell resolution and
therefore can reveal heterogeneity in
responses within a genetically defined
population of neurons (Fig. 2). This
study added two additional important
pieces of information. First, it showed
that essentially every AgRP neuron is
rapidly inhibited by food presentation,
at least at the level of calcium dynamics
(106/110 cells) [13]. Thus AgRP neurons,
despite having diverse projection patterns, appear to be subject to remarkably homogeneous regulation by
sensory cues. Second, it showed that
AgRP neurons can be modulated by an
arbitrary cue, such as a light or sound,
that animals have been trained to
associate with food [13]. This indicates
that the response to food cues is, at least
in part, learned. This finding is consistent with the fact that response of these
neurons to novel foods accelerates upon
repeated exposure, which also indicates
learning [12].
A third study reported optrode
recordings of AgRP and POMC neuron
activity in head fixed mice [14]. Optrodes enable the use of channelrhodopsin (ChR2) to identify cells from
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electrode recordings based on their light
sensitivity [23] and, unlike calcium
imaging, provide reliable measurement
of single action potentials (Fig. 2). In
this study ChR2 was targeted to AgRP
neurons, so that AgRP neurons could be
identified as light-activated units and
putative POMC neurons could be identified as light-inhibited units. Using this
approach AgRP neuron firing rates were
found to gradually increase throughout
the course of the light phase, consistent
with the slow development of energy
deficit that occurs during the day [14].
Subsequent food presentation rapidly
inhibited AgRP neurons and activated
POMC neurons, similar to the findings
from calcium imaging. One important
difference between these studies; however, was that AgRP neuron activity was
shown to remain somewhat elevated
following food presentation in the
optrode experiment [14]. This persistent
elevated activity was interpreted to
represent a residual “hunger drive” that
is responsible for promoting subsequent
food consumption. We discuss this
observation and its possible implications later in the text.

Feeding is regulated by
both homeostatic and
anticipatory mechanisms
The rapid sensory modulation of AgRP
and POMC neurons was unexpected in
part because thinking about these cells
has been dominated by the concept of
homeostasis. A homeostatic mechanism
is one in which a deviation from a
physiologic set-point triggers a counterregulatory response [24, 25]. For example, a decline in plasma leptin activates
AgRP neurons to induce feeding. The
sensory modulation of AgRP and POMC
neurons by contrast is not homeostatic,
because it occurs before any physiologic
change has taken place. This response is
instead “anticipatory,” because it predicts the nutritional changes that will
occur in the future after the food has
been consumed (Fig. 3).
Anticipatory mechanisms are widespread in neurobiology [24, 26, 27], but
are often overlooked in discussions of
feeding behavior. The classic example of
anticipatory regulation is Pavlov’s dogs,
which salivate follow ringing of a bell
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that predicts food availability [28]. The
anticipatory response in this case is
the secretion of saliva containing digestive enzymes, which functions to prepare the oral cavity for food ingestion
just moments before the food arrives. By
contrast, the function of the anticipatory regulation of AgRP and POMC
neurons is less clear. We consider below
five alternatives.

Hypothesis #1: Sensory
feedback gates cephalic
phase responses
Food consumption is necessary for
survival but also represents an acute
threat, since it floods the body with
nutrients that can disrupt physiologic
balance [29]. To deal with this challenge, animals have developed a large
class of peripheral adaptations that are
triggered by the sight, smell, and taste
of food and function to prepare the body
to metabolize and absorb nutrients
[30, 31]. These anticipatory responses,
which Pavlov called “psychic secretions,” are now known as cephalic
phase responses because they are
controlled by the brain. In addition to
salivation, cephalic phase responses
include the secretion of gastric acid,
bile, and digestive enzymes into the
stomach and intestines; the release of
hormones such as insulin, cholecystokinin, and pancreatic polypeptide into
the bloodstream; and an increase in
body temperature [30, 31]. Most of these
responses can be triggered by both food
cues and food absorption. For example,
the cephalic phase of insulin release is
triggered by sensory cues that occur at
the onset of feeding and precedes
changes in blood glucose [32, 33]. Later,
a second phase of insulin release occurs
following food absorption in response to
hyperglycemia.
Similarities between the sensory
regulation of AgRP and POMC neurons
and the activation of cephalic phase
responses suggest these neurons could
be part of the upstream pathway. For
example, cephalic phases responses are
triggered more strongly by palatable
foods [34–37], by multisensory compared to unisensory food cues [38], and
following food deprivation [37]. The
sensory regulation of AgRP/POMC neurons shares all of these properties [12].
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Cephalic phase responses can also be
learned by Pavlovian conditioning
[28, 34, 39, 40], similar to the sensory
modulation of AgRP/POMC neurons [13].
While the forebrain circuitry that controls cephalic phase responses is largely
unknown, manipulations of the paraventricular, ventromedial, and lateral
hypothalamus can trigger gastric acid
release and other gastrointestinal
responses, indicating a role for the
hypothalamus [34, 41, 42]. There is also
some evidence that chemogenetic modulation of AgRP neurons can rapidly
alter peripheral metabolism [4],
although this has not been explored
in detail. In future studies, it will be
important to measure the effects of celltype-specific manipulations of AgRP
and POMC neurons on cephalic phase
responses in peripheral tissues, in order
to understand the role of these neurons
in gating this response.

Hypothesis #2: Sensory
feedback induces anticipatory
satiety
AgRP neurons are thought to promote
hunger, and thus their rapid inhibition
by food cues would be predicted to
result in “anticipatory satiety” – satiety
that occurs before the food is consumed.

While this seems paradoxical, there is
evidence that learned associations with
sensory cues contribute to the termination of feeding [43]. The most compelling data come from sham feeding
experiments, performed primarily in
rats, which used a gastric fistula to
drain the ingested food from the stomach [44, 45]. This preparation enables
disconnection of the effects of gastrointestinal signals from external sensory
cues on feeding behavior. These studies
showed, first, that rats consume much
more food during sham feeding compared to real feeding [44, 45], confirming the importance of post-ingestive
negative feedback signals such as
gastric distension in meal termination.
However, it was found that during
repeated sham feeding trials the amount
of food these animals consumed increased even further [44, 45]. This
progressive increase in sham food
consumption was shown to reflect the
extinction of a learned association
between the sensory properties of
specific foods (the conditioned stimulus) and their post-ingestive consequences (the unconditioned stimulus). This
learned association functions to reduce
the rate of food intake at the beginning
of a meal [46, 47], perhaps so that
animals can anticipate at the outset of a
meal some of its physiologic effects and
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Hypothesis #3: Sensory
feedback suppresses appetitive
behaviors
AgRP neurons regulate not only food
intake but also appetitive behaviors that
promote food obtainment. For example,
optogenetic or chemogenetic activation
of AgRP neurons motivates animals to
engage in vigorous lever pressing or
nose poking for a food reward [4, 54].
AgRP neuron activation also stimulates
319
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Figure 3. Fast and slow regulation of AgRP and POMC neurons by anticipatory and
homeostatic signals. (Right) Circulating hormonal signals such as leptin, ghrelin, and
insulin have traditionally been thought to play a primary role in the regulation of AgRP
and POMC neurons. The levels of these signals fluctuate slowly over minutes to hours in
accordance with changes in nutritional state. (Left) In vivo recordings; however, revealed
a dominant role for anticipatory signals in the regulation of AgRP and POMC neurons.
These anticipatory signals are triggered by sensory cues from the outside world and
communiated by neural input, and therefore develop much faster than hormonal
changes. In addition, these anticipatory signals precede rather than respond to changes
in the nutritional state of the body.

thereby calibrate their food intake more
precisely.
An implication of this finding is that
food delivered directly to the stomach,
thereby bypassing sensory cues, should
be experienced as less satiating than
food consumed orally. This prediction
has been confirmed by experiments
showing that enteral feeding in humans
fails to fully suppress appetite [48–51].
This failure does not appear to reflect
decreased production of gastrointestinal satiation signals [49, 52], suggesting
it involves the absence of a cognitive
signal triggered by sensory cues. Consistent with this, some enteral fed
human subjects report that simply
chewing food decreases their residual
hunger, even though the food cannot be
swallowed [50, 53].
The rapid inhibition of AgRP neurons by food cues could contribute to
this phenomenon of anticipatory satiety. The fact that these neurons are
more strongly inhibited by energy dense
foods [12] and respond to Pavlovian
conditioning [13] are both consistent
with this possibility. One way to test this
model would be to determine whether
AgRP neurons can be conditioned by
gastrointestinal negative feedback signals. For example, would an arbitrary
cue that predicts the infusion of
nutrients into the stomach attain the
ability to inhibit AgRP neurons following training? Conversely, would the
response of AgRP neurons to a food
cue undergo extinction if the ingested
food was drained from the stomach each
time the cue was presented? These types
of experiments would clarify the nature
of the unconditioned stimulus that
trains AgRP neurons to respond to food
cues, and in doing so provide insight
into the function of this anticipatory
modulation.
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locomotor activity specifically in the
absence of food, which has been
interpreted as representing foraging
[4, 55]. Pharmacologic experiments
have shown that delivery of AgRP or
NPY into the brain can preferentially
promote appetitive rather than consummatory behaviors under some conditions
[56–59].
Together,
these
observations highlight the importance
of AgRP neurons for promoting behaviors that lead to food discovery, and
raise the question of how the transition
from appetitive to consummatory
behaviors is controlled.
The discovery that AgRP neurons
are rapidly inhibited by food cues
suggested that this inhibition may gate
the transition from foraging to feeding [12, 14]. Indeed, the response
properties of AgRP neurons to sensory
cues appear almost perfectly designed
to serve this function. As described
above, food cues modulate AgRP neurons in a way that resembles an
expected value calculation, in which
the animal weighs factors such as the
accessibility of the food, the energy
density of the food, and its own need for
nutrition. This integration would enable
animals to make foraging decisions that
are adaptive in the face of changing
internal and external circumstances.
For example, discovery of a suboptimal
source of nutrition by a starving animal
would nonetheless inhibit AgRP neurons, thereby ensuring that foraging is
blocked when food is of greatest
value [12–14]. By contrast AgRP neurons
from a well-fed animal would be
insensitive to food cues unless the food
was particularly palatable [12].
While this model is appealing, it is
inconsistent in its simplest form with all
of the available evidence. One problem
is that if AgRP neuron inhibition is
required for the transition from foraging
to feeding, then continuous optogenetic
stimulation of AgRP neurons should
result in animals that perpetually forage
and as a result do not eat. However this
is not the case [3]. One way to explain
this discrepancy might be that AgRP
neuron inhibition promotes, but is not
required, for the transition from foraging to feeding. Alternatively, it is
possible that food presentation sends
a sufficiently strong inhibitory signal to
AgRP neurons that they become
silenced even in the presence of
320
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continuous optogenetic stimulation.
Consistent with this second possibility,
it has been shown that AgRP activation
induced by high-dose ghrelin treatment
can be largely reversed by presentation
of a single piece of chow [12], highlighting the potency of this inhibitory
sensory input.
An important unresolved question is
whether AgRP neurons are required for
appetitive behaviors in food deprived
mice. One study found that neonatal
ablation of AgRP neurons reduced food
anticipatory activity (FAA), which is an
increase in locomotor activity that
occurs before food availability and
resembles foraging in mice subjected
to scheduled feeding protocols [60]. By
contrast, adult ablation of AgRP neurons reduced food intake primarily due
to “visceral malaise,” a defect that is
consummatory in nature since AgRP
neuron ablated mice will reject food
delivered directly into their mouths [61].
However, this nausea may be specific to
the extreme case of acute AgRP neuron
ablation in adults, since otherwise the
mere sight and smell of food would
trigger sickness and eating would be
impossible.
Experiments that test the requirement for AgRP neurons in specific
appetitive behaviors will be important
in order to clarify how the sensory
modulation of these cells influences the
transition from foraging to feeding.
While AgRP neuron dynamics appear
well-suited to serve this function, it is
possible that these anticipatory dynamics are merely a consequence of this
behavioral transition rather than its
cause, as has been proposed for other
cell types [62].

Hypothesis #4: Sensory
feedback acts as a teaching
signal
Hunger is an unpleasant state, and one
reason animals eat is to eliminate this
negative feeling. Recently, it was shown
that AgRP neuron activity has negative
valence, meaning that mice find it
aversive and therefore learn to avoid
places and flavors that are associated
with elevated AgRP neuron activity [13].
It has been proposed that, by alleviating
this negative state, the rapid sensory
inhibition of AgRP neurons may

.....

function as a teaching signal that trains
animals to search for and consume
food [13]. This mechanism for encouraging a behavior by linking it to the
removal of an aversive stimulus is
known as negative reinforcement [63].
A prediction of this negative reinforcement model is that mice should
learn to perform instrumental responses
that lead to a reduction in AgRP neuron
activity. However this is not the case [13],
as it has been shown that mice fail to
execute simple operant tasks that have
been experimentally paired with AgRP
neuron inactivation. For example, fed
mice will neither lever press nor nose
poke in order to pause optogenetic
stimulation of AgRP neurons [13]. Similarly, fasted mice fail to nose poke in
order to induce optogenetic silencing of
naturally elevated AgRP neuron activity [13]. This indifference to AgRP neuron
silencing is in stark contrast to the
dramatic lever pressing and nose poking
that AgRP neuron stimulated animals
will perform for an actual food reward
[4, 54]. Thus these data do not support
a primary role for negative reinforcement as the motivational mechanism
that AgRP neurons utilize to achieve
their remarkable behavioral effects.
An alternative possibility is that
AgRP neurons function by increasing
the positively rewarding properties of
food, such as its sight, smell, and
taste [15]. It is well known that food
deprivation makes food more appealing, a concept known as alliesthesia [64], and that this enhanced
palatability and incentive salience can
promote food seeking and consumption [15]. Consistent with this, palatable
foods have enhanced ability to modulate AgRP neurons [12, 15]. At present,
however, there is little data that directly
addresses this hypothesis.

Hypothesis #5: Sensory
feedback connects the present
to the future
It is possible that the rapid sensory
modulation of AgRP and POMC neurons
may not trigger any immediate behavioral transition, motivational change, or
physiologic response. Instead, this sensory modulation could function primarily to synchronize rapid feeding
behavior with slower nutritional
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that they actually regulate AgRP and
POMC neurons, with the possible exception of peptide YY ([65, 66] but see
also [67]).
In the absence of post-absorptive
and post-ingestive signals, external
sensory cues are the primary remaining
type of information that AgRP and
POMC neurons could use to learn about
the status of an ongoing meal (Fig. 4C).
Because these sensory cues are
detected before food has been consumed, they can most easily be used to
make predictions about impending
food consumption, which is how they
are utilized in practice [12]. Thus the
anticipatory regulation of AgRP and
POMC neurons may have evolved
primarily as a facile mechanism for
the brain to coordinate rapid food
ingestion with much slower homeostatic changes, rather than as a way to
trigger a specific behavioral or metabolic transition upon the discovery of
food.

Figure 4. Three models for the inactivation of AgRP neurons by feeding. A: Post-absorptive
feedback reports on the nutritional state of the body and includes circulating signals such as
leptin. These signals evolve over hours and therefore are too slow to explain the rapid
suppression of hunger by food intake. B: Post-ingestive signals arise from the stomach and
intestine immediately following food intake, and including gastric distension as well as gutderived satiation peptides. These signals directly control meal termination, and therefore
would be well-suited to inactivate AgRP neurons after feeding. However, current data does
not support a prominent role for these gastrointestinal signals in the actual regulation of
AgRP neuron activity. C: Cephalic feedback involves sight, smell, taste, and possibly other
external sensory cues. In vivo recordings reveal that this is the major mechanism for the
regulation of AgRP and POMC neurons during meals.
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Whatever the reason, it is clear that
AgRP and POMC neurons are rapidly
modulated by food associated sensory
cues. This raises another question: if
these neurons are “reset” by the sight
and smell of food, then how do they
control feeding at all?

How do AgRP and POMC
neurons control feeding?
A vast body of evidence shows that AgRP
and POMC neurons control food intake.
This includes the results of optogenetic,
chemogenetic, and cell ablation studies
in mice demonstrating that bidirectional
manipulation of these cells alters
feeding [3–7], as well as pharmacologic
and genetic studies showing that the
neurotransmitters produced by these
cells (gamma-aminobutyric acid (GABA),
neuropeptide Y (NPY), AgRP, and POMC)
modulate feeding in ways consistent with
their putative functions [16–18, 68–71].
These findings have been extended
to humans by the discovery that
loss-of-function mutations in the melanocortin 4-receptor (MC4R) are a common cause of extreme obesity [72–75].
Thus a mechanism must exist by
which the activity of these neurons
is translated into changes in food
consumption.
Nonetheless, the natural activity
patterns of these neurons are difficult
to reconcile with their presumed
functions. It is generally assumed
that, if a neuron drives a behavior,
then the neuron should be more active
during or immediately preceding the
behavior’s execution. Yet this is not
the case for AgRP and POMC neurons.
AgRP neurons, which are thought to
drive food intake, are much less active
during feeding compared to minutes
before. POMC neurons, which are
thought to inhibit food intake, are
more active during the act of feeding
itself. These counterintuitive trends
apply to even the small fluctuations in
AgRP and POMC neuron activity that
surround individual bouts of eating,
which often have the opposite sign
relative to what would be predicted
based on the known functions of these
cells [12, 14].
How can we explain these paradoxical findings? We consider below two
321
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changes. To illustrate why this may be
necessary, consider three types of
signals that could communicate ongoing meal status to AgRP and POMC
neurons (Fig. 4). The first is postabsorptive signals, such as leptin, that
report on the nutritional state of the
body. These signals have been the focus
of most studies of the regulation of
AgRP and POMC neurons, yet they act
too slowly to control behavior directly
(Fig. 4A). For example, changes in
plasma leptin require metabolic and
transcriptional responses in adipocytes
which develop over hours, and therefore leptin could not directly terminate a
“hunger drive” following feeding. A
second candidate is post-ingestive signals that arise from the stomach and
intestine following feeding, including
gastric distension and gut derived
satiation peptides such as cholecystokinin. These signals have the right kinetics for controlling feeding behavior
(Fig. 4B), but there is little evidence
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hypotheses, which are not mutually
exclusive, for how these cells may
regulate feeding.

Mechanism #1: Residual AgRP
neuron activation persists after
food presentation and drives
feeding
An important question is whether food
presentation completely resets the activity
of AgRP and POMC neurons to baseline, or
whether a residual orexigenic activity
pattern persists in these cells. Microendoscopic calcium imaging found that
essentially all AgRP neurons were rapidly
inhibited by food presentation (106/110
cellsinhibitedvs. 1/110cellsactivated)[13].
By contrast, optrode recordings found that
only 64% of AgRP neurons were inhibited
by food presentation (14/22 cells), whereas
23% of AgRP neurons were activated (5/22
cells) [14]. Consistent with this mixed
response, optrode recordings showed that
food presentation to food restricted mice
in the dark phase did not reduce the firing
rate of AgRP neurons all the way to the
level of fed mice at the start of the light
phase, a time that mice generally do not
eat. This residual activity of AgRP neurons
was proposed to represent a hunger drive
that persists after food discovery [14].
Why would optrode recordings reveal
residual AgRP activity that was not
detected by calcium imaging? One possibility is that the difference is technical.
Calcium dynamics are only a surrogate
for neural firing and provide relative, not
absolute, measurements of neural activity. Calcium sensors can also display nonlinearity in their response properties
outside a certain range. By contrast,
electrophysiologic recordings provide
data on absolute firing rates by measuring individual spikes. Thus it is possible
that a residual activation of AgRP
neurons following food presentation
was simply not detected in the calcium
imaging experiments due to a technical
limitation of the approach.
However there are reasons to suspect
this is not the whole story. One reason is
that technical differences would not
obviously explain why the two studies
found a different direction of modulation
for a significant subset of AgRP neurons;
that is, why would calcium imaging show
that 96% of AgRP neurons were inhibited
by food cues if 23% were actually
322
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activated? In response to other stimuli,
AgRP activation was robustly detected by
calcium imaging [13]. Second, photometry recordings showed that presentation
of palatable food to fed mice can reduce
calcium signals considerably below the
ad libitum fed baseline [12]. Therefore
calcium imaging is not inherently limited
by linear range or sensitivity in its ability
to detect activity reductions below the
baseline level of fed animals.
An alternative possibility is that these
discrepancies reflect differences in
experimental paradigm. One important
difference is that the optrode study used
head-fixed mice presented with a liquid
diet [14], whereas the calcium imaging
studies used freely behaving mice presented with solid food [12, 13]. It has been
shown that the magnitude and durability
of the response of AgRP and POMC
neurons to food cues is very sensitive
to factors such as the accessibility and
palatability of the food [12]. Thus it may
be that the use of a head-fixed preparation or liquid diet reduces the anticipatory response of these neurons, either
due to stress or some change in the
animal’s expectation of food availability
or value. This would explain why the
calcium imaging and electrophysiologic
measurements showed different percentages of AgRP neurons that were inhibited by food cues.
To clarify these issues, it will be
important to perform optrode recordings
from AgRP neurons in freely behaving
mice and measure whether any residual
activation persists after food presentation. In addition, it will be important to
test the functional importance of any
residual AgRP activity by using methods
with high temporal control, such as
optogenetic silencers, to selectively
inhibit AgRP neurons after food presentation and measure the kinetics of the
cessation of feeding. These experiments
will enable dissection of the contribution
of residual AgRP neuron activity to
subsequent food consumption.

Mechanism #2: AgRP neurons
transmit a sustained hunger
signal
An alternative hypothesis is that AgRP
neurons act through a sustained or
persistent mechanism that enables the
activity of these neurons before food
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presentation to “spill over” and influence the food intake that occurs later.
There have been hints that such a
sustained mechanism might operate.
One clue is that feeding following
optogenetic stimulation of AgRP neurons has an unusually long latency
(6 minutes) [3]. By contrast, optogenetic stimulation of inputs to the
lateral hypothalamus can induce feeding within 10 seconds [76]. This
suggests that AgRP neurons do not
control the food intake machinery
directly, but rather produce some
factor that must “build up” in the
downstream circuit before feeding is
triggered.
How could such a mechanism
operate? It has been shown that a
single injection of the AgRP neuropeptide into the brain can increase feeding
for up to 1 week, indicating that the
effects of AgRP peptide release can
extend far beyond the duration of AgRP
neuron activation [77]. Similarly, activation of POMC neurons inhibits feeding on a time-scale of hours to days
[3, 7]. Thus modulation of the melanocortin system can have delayed and
chronic effects on feeding. However,
this mechanism cannot explain feeding
that results from release of NPY and
GABA, which in many contexts are
more important than AgRP itself [3, 54,
61, 68, 70, 78]. In this regard, activation
of AgRP neurons lacking both GABA
and NPY does not promote feeding in
the first 2 hours after stimulation [70].
This implies that any mechanism that
regulates acute feeding would necessarily be mediated by a melanocortin
independent signal (either GABA or
NPY).
A prediction of this model is that
there should exist a population of
feeding-regulatory neurons that serve
as the substrate for this sustained
response. These neurons would be
located downstream of AgRP neurons
in the feeding circuit and integrate AgRP
neuron activity over time, so that their
response to sudden changes in AgRP
neuron firing rate was delayed. As a
result, these downstream cells would
appear to “remember” the history of
AgRP neuron activity, enabling them to
promote feeding even after AgRP neurons have been silenced by sensory
cues. If such neurons exist, their
dynamics would correlate more closely
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with the subjective notion of hunger
than AgRP neurons themselves.

Over the past year we have witnessed
some of the first glimpses into the
dynamics of the key neural cell types
that control feeding, including AgRP
and POMC neurons. This has revealed
that these cell types, long regarded as
merely sensors of the internal state of
the body, in fact respond rapidly to
sensory cues from the outside world.
They use this sensory information to
predict nutritional changes that will
occur in the future, revealing anticipatory dynamics that are both remarkable
and puzzling, since they confound
traditional explanations for how these
neurons control behavior. An important
challenge for the field will be to
integrate these new observations into
a revised model of the feeding circuit,
and we have highlighted here some of
the key questions that remain to be
answered. As AgRP and POMC neurons
represent only a small piece of the
neural network that controls feeding, it
is likely that additional surprises lie
ahead as we uncover the dynamics of
this circuitry.
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